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A B S T R A C T   

Solid state lighting systems have deeply penetrated the market and are widely available. White light emitting 
diodes (LEDs) are based on a gallium nitride blue-emitting chip and a phosphor-based layer is used to convert 
blue radiation to white light, in combination with an optical system to enhance light extraction. High temper-
atures can be detrimental for LED reliability, resulting in a gradual or catastrophic failure. Therefore, the design 
of such devices, especially in relation to use cases that require operation at high current and temperature levels, 
needs to be based on reliability considerations. 

In this work we analyze the robustness of high power white LEDs submitted to driving currents exceeding the 
nominal levels by means of electrical and optical characterization, as well as on failure analysis techniques. The 
results highlight a significant degradation of the main optical parameters (luminous flux, color coordinates, 
correlated color temperature, …). Device cross sectioning highlighted a heavy darkening of the silicone material 
in the overstressed devices, and a delamination of the phosphors. Raman spectroscopy analysis highlighted an 
enhancement in luminescence of degraded samples. Such degradation was ascribed to the high temperature 
reached by the LEDs during the stress, that caused the degradation of the silicone lens; the process can be 
enhanced by the low efficiency of the phosphors and LEDs at high temperatures, resulting in a stronger heating of 
the devices.   

1. Introduction 

Solid state lighting systems are nowadays widely diffused and have 
deeply penetrated the market, thanks to their cost effectiveness, effi-
ciency and reliability [1]. Light-emitting diodes (LEDs) based on GaN 
allow to develop novel and innovative approaches to lighting, meeting 
the needs of several use cases, from indoor to outdoor illumination, from 
automotive to horticulture. The reliability of SSL systems heavily de-
pends on the conditions in which the system runs, in particular the 
temperature and the luminous flux [2–5]. In many scenarios, such as 
outdoor lighting and automotive applications, small and high intensity 
light sources are needed. For this reason, LEDs are often used close to 
their current/temperature limits. Human-centric lighting requires light 
sources that are reliable both in terms of flux output and color stability, 

since can heavily influence human activities [6]. Therefore, a study of 
LED reliability and robustness in harsh conditions (close to or beyond 
the absolute maximum ratings) is necessary to evaluate the related 
ageing indicators and degradation processes. 

In this work, we present the results of a degradation stress test per-
formed on white high-power LEDs for outdoor lighting. We performed 
the stress at high ambient temperature and at currents ranging from the 
absolute maximum rating to 1.6 times this value. Devices stressed in 
such conditions operate at very high temperatures, that can be detri-
mental for the device integrity. In real life operation, such high tem-
peratures could be reached even when operating the device within the 
current ratings, due to bad thermal management, or due to the ageing of 
the luminaire, due to degradation of thermal interface materials, failure 
of heat dissipation systems and unfavorable operating environments 
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(especially ambient temperature). The results highlighted a heavy 
degradation of the optical components of the device when exceeding 
manufacturer specifications. Device electro-optical characterization was 
used to identify the main changes of the electro-optical characteristics; 
in addition, cross sectioning was carried out, to identify the origin of 
degradation. Photoluminescence and Raman spectroscopy analysis were 
carried out on the lens to better understand the role of the optical system 
in degradation. 

2. Experimental details 

The devices under analysis are commercially available LEDs, with a 
nominal correlated color temperature of 4000 K, a nominal color 
rendering index of 70, 3535 ceramic package and a die size of 2 mm2. 
These LEDs feature an absolute maximum current rating of 2.5 A at 
junction temperature Tj = 125 ◦C, and of 2.0 A at Tj = 135 ◦C. Devices 
have an ESD protection diode, connected in parallel with the LED, with a 
turn on voltage lower than − 8 V. The devices were mounted on custom 
metal-core printed circuit board (MCPCB), featuring two Pt100 resistive 
thermal devices to sense PCB temperature, one of the center and one on 
the side of the PCB. The MCPCB have 8 LEDs (named L1, L2, … L8), with 
a pitch around 10 mm between them, connected in series, each one 
featuring a 4 wire connection for accurate electrical characterization. 
The PCB was mounted on an 112x112x72 mm aluminum heat sink, 
dimensioned to handle several tens of watt of power dissipation, with a 
Kerafol Keratherm Red high conductivity (6.5 W/m⋅K) thermal interface 
to enhance thermal coupling. 

Devices were characterized by means of electrical and optical 

measurements. Electrical characterization was carried out by a semi-
conductor parameter analyzer, that allowed sweep I-V characterization 
and served as current source for power spectral density (PSD) mea-
surements. Absolute irradiance characterization was made by a Lab-
sphere LMS-650 65″ integrating sphere, calibrated by a NIST traceable 
calibration source. Each LED was measured individually. Stress was 
performed by connecting the LEDs two by two in series, allowing to have 
4 pairs of LEDs stressed at 2.0 A (L1 and L2), 2.4 A (L3 and L4), 2.8 A (L5 
and L6) and 3.2 A (L7 and L8), corresponding 1, 1.2, 1.4 and 1.6 times 
the absolute maximum rating at Tj = 125 ◦C, respectively. Ambient 
temperature was set at Toven = 85 ◦C. MCPCB picture is shown in Fig. 1 
(a), along with the stress currents of each two-LED series. During stress, 
the center of the PCB reached ~120 ◦C. The junction temperatures of the 
LEDs were estimated by the forward bias method [7]: L1 and L2 reached 
180 ◦C, whereas other LEDs stressed at higher currents exceed 200 ◦C. A 
further analysis was performed by means of thermal imaging on an 
additional LED with lens removed and stressed at 1.6 A, shown in Fig. 1 
(b-c). This LED has some residuals of phosphors on its surface, and 
temperatures measured are around 150 ◦C on the bare chip surface and 
exceed 200 ◦C on the region with phosphors residuals. 

3. Analysis of degradation 

For each stress condition, the devices were stressed for a total of 50 h, 
until the devices failed. The I-V curves were measured at each step of the 
stress by a fast sweep measurement in the range between − 6 V (to avoid 
the protection diode turn-on) and 3.5 V, with a 2 A current compliance 
(the plateau of the I-V curve). 

The results are reported in Fig. 2 for 4 of the 8 LEDs, one for each 
stress current. The noise floor of the measurements was around 10− 10 A 
and is visible in the region between 0 and 1.5 V. The results show a 
gradual increase in both reverse and forward leakage current, that is 
enhanced by higher stress conditions. The variation in leakage is related 
to an enhancement of trap-assisted tunneling and/or variable range 
hopping mechanisms, due to an increase in defects density [8–10], that 
is accelerated by a higher stress current levels. Absolute spectral mea-
surements were performed from low currents (0.05 A) to the absolute 
maximum rating. From PSDs, optical power and colorimetric properties 
of the LEDs were calculated. Fig. 3 reports the optical power normalized 
to the value measured on the unstressed device and the variation of the 
CIE1931 xy color coordinates during the stress for the LEDs under 
analysis. 

The optical power of the LED stressed at the absolute maximum 
current (i.e. 2 A) shows almost no degradation, as its variation is below 
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Fig. 1. (a) metal core printed circuit board with the 8 LEDs; the stress currents 
for each two-LED series are indicated. (b) thermal image of a device stressed at 
1.6 A and (c) optical image of the same device. 

- 6 - 4 - 2 0 2
10- 11
10- 10
10- 9
10- 8
10- 7
10- 6
10- 5
10- 4
10- 3
10- 2
10- 1
100

Stress time [h]:  0    5    20    50

a b

c d

Stress current: 2.0 A Stress current: 2.4 A

Stress current: 3.2 AStress current: 2.8 A

- 6 - 4 - 2 0 2
10- 11
10- 10
10- 9
10- 8
10- 7
10- 6
10- 5
10- 4
10- 3
10- 2
10- 1
100

- 6 - 4 - 2 0 2
10- 11
10- 10
10- 9
10- 8
10- 7
10- 6
10- 5
10- 4
10- 3
10- 2
10- 1
100

)
A(tnerru

C

Voltage (V)
- 6 - 4 - 2 0 2

10- 11
10- 10
10- 9
10- 8
10- 7
10- 6
10- 5
10- 4
10- 3
10- 2
10- 1
100

Fig. 2. I-V characterizations of LED stressed at 2.0 A (a), 2.4 A (b), 2.8 A (c) 
and 3.2 A (d). 
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1 %, that is close to the accuracy limit of the system used for the optical 
measurements. The LEDs stressed above this current threshold show a 
substantial decrease in their optical power, reaching a level that is below 
20 % of the initial optical power after 50 h of stress. LEDs stressed at 
higher currents exhibit a faster degradation, losing the 60 % of their 
optical power during the first 5 h of stress. 

The colorimetric parameters show a heavy variation; xy shows an 
initial blue shift, then a yellow shift. This behavior can be better un-
derstood by looking at the PSD curves in Fig. 4, which are normalized 
with respect to the blue peak at 438 nm. As can be observed, the sample 
stressed at 2 A has no variation in the spectral shape, whereas the 
samples stressed at higher currents have a strong variation in the yellow 
range, with a first decrease of the yellow component and then an in-
crease, that is compatible with the variation of the xy coordinates. 

The main outcome of the stress is the heavy decrease in the optical 
emission, as observed in Fig. 3. This lowering is mainly due to the 
darkening of the area above the LED chips, as visible in the photos in 
Fig. 5(a), that show the devices at various stages of the stress. LEDs L1 
does not show any degradation, whereas the other LEDs exhibit a strong 
darkening of the surface, whose kinetics are accelerated by the tress 
current: the higher the stress current, the earlier the darkening develops. 
In Fig. 5(b-c) are shown two close-ups of one stressed LED and of one 
LED with the lens removed. The stressed LED with the lens in place 
exhibits a darkening just above the LED chip, and also some lens 

0 5 10 15 20 25 30 35 40 45 50
0

0.1
0.2

0.3

0.4

0.5

0.6
0.7

0.8

0.9

1

Characterization current: 1.35 A
Stress current:
2 A  2.4 A 2.8 A  3.2 A

L3 L5 L7
L2 L4 L6 L8

O
pt

ic
al

 p
ow

er
 (

no
rm

.)

Stress time (h)

a1

0.995
1

1.005
1.01

a2

0.37 0.38 0.39 0.4
0.34

0.35

0.36

0.37

0.38

0.39

Characterization current: 1.35 A
Stress time [h]:  0     5     20     50

b c

d eStress current: 2.8 A

Stress current: 2.4 A

Stress current: 3.2 A

Stress current: 2.0 A

Planckian locus

Planckian locus

Planckian locus

Planckian locus

0.37 0.38 0.39 0.4
0.34

0.35

0.36

0.37

0.38

0.39

0.37 0.38 0.39 0.4
0.34

0.35

0.36

0.37

0.38

0.39

y

x
0.37 0.38 0.39 0.4

0.34

0.35

0.36

0.37

0.38

0.39

Fig. 3. Optical power normalized with respect to the unstressed sample (a1) 
with details of L1 stressed at 2.0 A (a2) and variation of the xy CIE1931 color 
coordinates (b-e) calculated from the measured PSDs for the various LEDs under 
stress. All the measurements were made at 1.35 A. 
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respectively. 

Fig. 5. Optical images of the LEDs during the stress (a) and close up of L8, 
stressed at 3.2 A, with lens (b) and of L5, stressed at 2.8 A, with lens and 
phosphors removed. 
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cracking, possibly due to thermomechanical stress. The device with the 
lens removed shows that the chip itself does not appear degraded, 
therefore the degradation must have originated in the phosphors and/or 
in the silicone lens. 

It is interesting to analyze the optical power conversion efficiency, i. 
e. the ratio between the optical power and the electrical power, of the 
blue peak (390÷475 nm region), related to the blue chip emission, and 
of the yellow peak (475÷750 nm region), plotted in Fig. 6. It is possible 
to see that, with increasing current, both signal decrease, possibly due to 
increase in recombination losses [11]. However, yellow region effi-
ciency decreases faster than blue peak efficiency. 

To further investigate the root cause of the degradation, LEDs were 
removed from the PCB, and several cross-sections of the structures were 
made. The devices were encapsulated with epoxy resin and ground 
along one of their axes. The cross sections are shown in Fig. 7 where L2 
(stressed at 2 A) and L5 (stressed at 2.8 A) are shown. The LED stressed 
at 2 A does not show any degradation at it is visible the chip itself, the 
phosphors layer and the lens, which adhere one on the top of the other. 
On the other hand, the LED stressed at 2.8 A shows many interesting 
features: the darkening of the device mainly happens on the bottom part 
of the silicone lens, that is closer to the device die and, therefore, hotter. 
The phosphor layer looks slightly degraded, with some darker regions, 
but less than the silicone lens. Silicone cracking and a delamination of 
the phosphors layer from the chip itself are clearly visible. There is also 
evidence of cracking on the white insulating material on the side of the 
chip. 

Therefore, these results support the thesis of combined chemical 
modification of the silicone material and thermo-mechanical cracking of 

the lens [12,13]. These mechanisms are both accelerated by temperature 
and optical flux. Junction temperature is higher at higher currents; 
moreover, a higher optical flux increases thermal losses in the phosphor 
layers, since phosphor conversion efficiency drops at very high in-
tensities, as noted in Fig. 1(b) and Fig. 6 [14]. Then, a thermal runaway 
process leads to extremely high temperatures in the region near the 
phosphors [15], eventually generating a darkening of the material 
[16–18]. 

4. Raman analysis 

An additional set of samples was submitted to an additional 50 h 
stress at currents ranging from 2.0 A (i.e. the absolute maximum rating) 
to 2.6 A (i.e. 1.3 times the absolute maximum rating) in 0.2 A steps to 
observe the repeatability of the previous experiment and the effect of the 
stress in samples at currents above to the absolute maximum, but very 
close to this value. The samples were then analyzed by means of pho-
toluminescence and Raman spectroscopy using a 785 nm laser by Sol 
instruments and a MS750 series Monochromator-spectrograph at room 
temperature. The measurements taken on these samples were compared 
with the same measurements performed on an unstressed sample. The 
measurements were made by focusing the laser on the top of the sample 
(i.e. near the surface of the lens) by using two different objective lenses, 
10× and 50×, which have different penetration depths: the former 
penetrates in the first 5 μm of the silicone lens, the latter stops in the first 
0.5 μm. 

In Fig. 8 (a) the photoluminescence spectra of the samples, acquired 
with the 50× lens, is plotted. It is possible to note that the unstressed 
sample and the sample stressed at the lowest current (2 A) do not exhibit 
any luminescence (both curves are superimposed and have no signal), 
whereas the samples stressed at higher currents have a strong lumines-
cence band, whose intensity is proportional to the stress current. 

Raman spectra are shown in Fig. 8(b). In the unstressed sample and 
in the sample stressed at 2 A there are some peaks clearly visible (at 620 
cm− 1, 1000 cm− 1 and 1030 cm− 1), which are still present in the stressed 
samples, superimposed to the luminescence band. These peaks were 
observed in other samples with silicone [19]. Usually, LEDs feature 
silicone lenses made of polydimethylsiloxane, polyphenylsiloxane or 
poly(methyl,phenyl)siloxane [3]. In this case, we are possibly in the 
second or third case, since the peaks at around 1000 cm− 1 and 1030 
cm− 1 are fingerprints of the phenyl group [20]. Polysiloxanes with 
phenyl side group exhibit higher decomposition temperatures with 
respect to polydimethylsiloxanes, and begins to decompose at temper-
atures higher than 150 ◦C, with the breaking of Si–O bounds and the 
formations of cyclic oligomers and, at higher temperature, the breaking 
of Si-phenyl bounds [21,22]. At very high temperature and high heating 
rate a thermal oxidative degradation can be observed in silicones, with 
the formation of a fine powder that could be the cause of silicone 
degradation observed in LEDs stressed at the highest current and, 
therefore, reaching higher silicone temperatures [23]. 

It is possible to see that unstressed sample and the sample stressed at 
the lowest current, that does not show significant optical power 
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Fig. 7. Mechanical cross-section of device L2 (left), stressed at 2 A, and of device L5 (right), stressed at 2.8 A.  
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degradation, have very similar Raman spectra with slight variations in 
signal strengths. In the samples stressed at currents of 2.2 A and higher, 
Raman peaks remain barely visible, but the luminescence is stronger in 
these samples. Therefore, this supports the hypothesis of a process of 
degradation of the silicone lens, that goes from the inside of the device to 
the outside, which has a certain temperature that is reached by the de-
vices stressed at the highest temperatures. 

5. Conclusions 

In this work, we analyzed the robustness of high power white LEDs 
and their degradation induced by electrical stress with currents above 
the limits specified by the manufacturer. We found a slight increase in 
leakage current, proportional to stress current, possibly due to an in-
crease in the density of defects in the active region of the devices. The 
LEDs stressed above the absolute maximum rating showed a strong 
optical power decrease in just 50 h of stress and a visible darkening of 
the area above the chip. By cross-sectioning the devices, we observed a 
delamination of the phosphors from the chip surface and a heavy 
darkening of the lens just above the chip. Photoluminescence and 
Raman spectroscopy showed an increase in luminescence in the 
degraded samples. We hypothesized that stress at very high current 
levels caused a thermal runaway process, promoted by the combined 
action of the high temperatures reached by the devices and of the drop in 
efficiency reached by the phosphors submitted to high optical powers. 
This eventually led to the degradation and darkening of the lens, causing 
an almost catastrophic failure of the devices. 

This indicates the importance of using a silicone that is stable at high 
temperature when designing the device package. Moreover, the extreme 
sensitivity of the failure process to the stress current must be taken into 
account in the design of a proper thermal management system, that also 
account for phosphors-generated heat, when building a solid-state 
lighting system. 
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